Abstract-Titanates have great attention mainly due to its versatile properties that make their various applications in science and technology such as in electronic transducers, thin film capacitors, computer memory cells, etc. The thermal study of ferroelectric titanates RTiO 3 (R = Pb, La, Ba) have been investigated for the first time using extended rigid ion model (ERIM) developed by the author.
INTRODUCTION
Ferroelectric oxides with perovskite structure (RTiO 3 ), where R = Pb, La, Ba show versatile properties [1] that make them promising for various applications in science and technology such as in electronic transducers, thin film capacitors, actuators, high-K dielectrics, pyroelectric sensors, nonlinear optics, computer memory cells, etc. Ferroelectric materials are a class of materials that possess high dielectric constants, relatively low dielectric loss, high electrical resistivity, moderate dielectric breakdown strength, and strong electromechanical and electrooptical behaviors [2, 3] . One of the advantages in studying this particular class of titanate lies in its relatively simple electronic and lattice features; the materials undergo a succession of first order phase transitions from high to low temperatures characterized by a high symmetry cubic perovskite to slightly disordered ferroelectric structures with tetragonal, orthorhombic and rhombohedral symmetry. Orbital degrees of freedom, in addition to spin, charge, and lattice structure are gaining increasing interest in current solid-state physics. The studies on the thermal behavior of titanates are limited, since from theoretical point of view, a proper description of their thermal properties is still an area of active research. The thermal properties play an important role in the physics of materials as they characterize the behavior of the crystal in the field of external forces. We have developed and applied the extended rigid ion model (ERIM) [4] to compute the thermal properties such as cohesive, thermal and elastic properties of PbTiO 3 , LaTiO 3 , and BaTiO 3 perovskite materials (with cubic Pm3m symmetry) as a function of temperature and discussed them in detail.
II. COMPUTATIONAL DETAILS
Extended Rigid Ion Model (ERIM) [4] has been developed by the author by incorporating the long-range (LR) Coulomb attraction, the short-range (SR) Hafemeister-Flygare (HF) type overlap repulsion effective up to the second neighbour ions, the van der Waals (vdW) attraction due to the dipoledipole (d-d) and dipole-quadrupole (d-q) interactions and zero point energy (ZPE) effects in the framework of Modified Rigid Ion Model (MRIM) developed earlier by us [5] .
The framework of ERIM [4] is derived from the following interionic interaction potential:
Here, potential (Renu Choithrani et al [5] ) is given by
and (3) The symbols involved in equations (2) and (3) are the same as those defined in our earlier papers [4, 5] . Here, k (k′) denote the positive (negative) ions and the sum is taken over all the ions (kk′).
In Eq. (2), the first term represents the long-range Coulomb attraction, the second and third terms are the shortrange Hafemeister-Flygare [6] type repulsion operating up to the second neighbour ions. The fourth and fifth terms in it are the vdW attraction energies due to the dipole-dipole (d-d) and dipole-quadrupole (d-q) interactions with c kk' and d kk' as the corresponding vdW coefficients.
The values of these coefficients are estimated by using the following expressions:
derived from the Slater-Kirkwood Variational (SKV) method [7] . Here, m and e are the mass and charge of electrons, respectively. α k (α k' ) are the polarizabilities of k(k ' ) ions; N k (N k' ) are the effective number of electrons responsible for the polarization of k(k ' ) ions.
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The values of c kk' and d kk' are evaluated using the Eqs. (4) and (5) and following the procedure prescribed by the authors [4, 5] . Since the knowledge of interatomic interactions is of fundamental importance for describing the cohesive, thermal, transport, vibrational, elastic and numerous other physical properties of the solids. Thus, ERIM has been developed and applied by the author, probably for the first time, to describe the thermal properties of the perovskite materials. The main aim of ERIM is to reproduce the existing experimental data and to provide understanding of the interaction mechanism and the physical properties of materials. The computed results thus obtained are presented and systematically discussed below.
III. RESULTS AND DISCUSSION
We have computed the model parameters (ρ 1 , b 1 and ρ 2 , b 2 ) by taking the input data [1] [2] [3] [8] [9] [10] [11] [12] [13] [14] for PbTiO 3 , LaTiO 3, and BaTiO 3 and vdW coefficients (c kk' and d kk' ) using the expressions [4] and [5] depicted in Table I . These model parameters are used to calculate the thermodynamical properties of PbTiO 3 LaTiO 3, and BaTiO 3 perovskites shown in Table II . It is found that the magnitude of cohesive energy for these perovskites are in closer agreement to the available measured values [11, 12] . The negative values of the cohesive energy indicate the stability of the compound. The computed values of Reststrahlen frequency (υ 0 ) and Debye temperature ( D ) by ERIM shows consistency with the available data. [2, 8, 11, 12] (see Table II ). The higher values of Debye temperature indicate the presence of higher phonon frequencies in PbTiO 3 , LaTiO 3 , and BaTiO 3 titanate perovskites. . The Grüneisen parameters γ computed by ERIM lies in between 2 and 3 as observed by Dai et. al [13] . The specific heat as a function of temperature of PbTiO 3, LaTiO 3, and BaTiO 3 have been shown graphically in Figures I, II and III using ERIM [4] and found that the specific heat curve follows the same trend of variation as that of available experimental specific heat values [1, 9, 11] .
It is interesting to note from Figures I, II A sharp peak is observed at 764 K in experimental specific heat of PbTiO 3 corresponding to the ferroelectric-paraelectric phase transition. This peak is not revealed from our theoretical results. This might be so because we have not included the BaTiO 3 magnetic contribution to the specific heat of PbTiO 3. There is a sharp increase up to ~ 300 K in BaTiO 3 which is due to electronic contributions. Furthermore, the material displays roughly a similar behavior for the whole temperature range. The minor deviations toward lower temperatures can be further improved by additional magnons contribution to the specific heat of PbTiO 3, LaTiO 3, and BaTiO 3 .
IV. CONCLUSIONS
It may be concluded that ERIM is effectively useful model and indeed one of the important tools for the unified and comprehensive study of the perovskite materials, because the beauty of our potential lies in satisfactory explanation of the variety of thermal properties with same success [4, 5] for the multiferroics, manganites and other perovskite materials. Hence, ERIM represents the realistic and qualitative applicability to describe the cohesive, thermal and elastic properties of the present titanate perovskites.
